Recent neurophysiological results in non-human primates suggest that the adjacent, undamaged cortex may assume the function of the damaged cortex, but only when rehabilitative therapy is provided after injury.
After stroke or other injury to the cerebral cortex, it is motor representations can be altered by peripheral nerve lesions in both developing and adult rats.
3 not uncommon for patients to experience gradual recovery of sensorimotor functions. For example, after Further, our own studies in primates have shown that acquisition of manual skills is accompanied by taskdamage to the motor cortex, a period of paralysis of the contralateral musculature is often followed by limited specific changes in motor hand representations, 4 demonstrating that behavioral experience can shape the recovery of voluntary movement, strength and motor coordination. However, complete recovery of motor functional organization of cerebral cortex.
Over the past several years we have conducted abilities, especially skilled use of the hand, is rare.
Historically, a recurrent theory to explain recovery detailed neurophysiological studies of the motor hand representation in adult squirrel monkeys using convenof function following brain injury has been that other brain regions must 'take over' the damaged function.
tional intracortical microstimulation techniques. In these experiments conducted in anesthetized animals, Though this theory has considerable appeal in light of recent demonstrations of functional plasticity of reprepresentational maps of the hand are derived from hundreds of closely spaced microelectrode penresentational maps in the cerebral cortex, very little direct empirical evidence exists in either brain-injured etrations ෂ250 m apart. At each site, brief trains of low-intensity current pulses are injected to define the humans or in animal models.
1 To test this theory directly, we recently introduced a primate model for movement or movements evoked at the lowest possible current levels. Since the corticospinal neurons that examining functional recovery of motor abilities after brain injury. The advantage of this model is that we can project to spinal motor neuron pools are located at a constant depth relative to the cortical surface, one can track the recovery of manual skill after a small injury to the motor cortex, and determine the neurophysiologreliably evoke movements at each site in the motor cortex with currents averaging only 10-15 A. From these ical correlates, if any, of behavioral compensation. From these studies, it would appear that neurophysiodata, two-dimensional maps of the motor topography are drawn. These procedures are widely used in a large logical remodeling can occur in the healthy tissue adjacent to a damaged part of the motor cortex, and number of neurophysiological laboratories to study the organization of the motor cortex. under certain conditions, this reorganized tissue may subserve the damaged function.
Recently we used these techniques to determine whether neurophysiological changes occur in motor The primary motor cortex (also known as area 4 or M1) is located in a narrow strip of cerebral cortex representations following cortical injury. In our initial study, we examined spontaneous recovery of manual within the precentral gyrus. M1 contains an orderly representation of the body musculature (the motor map skills after injury. 5 First, squirrel monkeys were tested briefly on a task requiring skilled use of the hand to or homunculus), with muscles of the lower extremities represented in the medial portion, and those of the retrieve pellets from food wells of different diameters.
Then, a few weeks later, a baseline motor map of the upper extremities in the lateral portion. Though it was once thought that motor representations are static in hand was derived in the motor cortex contralateral to the monkey's preferred hand. This map was used to adults, this view is no longer tenable. It is now widely held that functional representations are dynamically define a small portion of the hand representation that was subsequently damaged by permanent occlusion of maintained throughout life. The infarct resulted in an immediate and profound deficit in skilled use of the preferred hand, as evineuronal plasticity was responsible for recovery of motor function in this study, then it is likely that the denced by a decrease in retrieval efficiency and a tendency to use the non-preferred (unimpaired) hand to neural substrate was located in another motor structure, either cortical or subcortical. retrieve the pellets. At periodic intervals, manual skill was retested in probe trials. More detailed testing was
In a second study, we examined functional remodeling of cortical motor representations when not conducted, in order to minimize the effects of training in this study of spontaneous recovery. After 3-4 monkeys underwent an intensive re-training procedure after cortical injury, simulating the effects of physical months, skill levels were similar to those obtained prior to the infarct. Then, the motor cortex was rerehabilitation. 6 First, squirrel monkeys were trained on the manual skill task. Daily training consisted of two examined. The results showed that in the healthy cortex adjacent to the infarct, more proximal (ie arm and 30-minute sessions per day. In addition, monkeys wore a jacket that contained a sleeve extending the length of shoulder) movement representations replaced the hand representations (Figure 1) . Thus, relatively small the non-preferred hand, restricting its use. The monkey could use the restricted forelimb for climbing and suplesions in representations of the hand result in widespread reduction in the spared hand representations port, but was unable to grasp small objects with the fingers. The jacket was worn by the monkeys throughadjacent to the lesion, and apparent increases in the adjacent proximal representations. This loss occurred out the experiment, except during the surgical and neurophysiological mapping procedures. This allowed us despite an apparent recovery of motor skill. Thus, if Figure 1 Two-dimensional maps of the hand representation in primary motor cortex showing functional remodeling before and a few months after an ischemic infarct, as might occur in stroke. Data were derived from hundreds of microelectrode penetrations using conventional microstimulation procedures. In animals that spontaneously recovered motor hand skills ('Lesion/no rehab'), the adjacent, undamaged hand representation was invaded by more proximal representations. In animals that underwent intensive retraining of motor hand skills ('Lesion/rehab'), the hand representation expanded, invading regions formerly occupied by representations of elbow and shoulder. These results suggest that after an injury to motor cortex, use of the affected limb is important in functional remodeling in the remaining, healthy tissue. It implies that the adjacent, undamaged tissue can 'take over' the damaged function. The dotted line in the pre-lesion map shows the site of intended infarct. Because of tissue necrosis, the lesion appears smaller in post-lesion maps. The inset shows a dorsal view of a squirrel monkey brain and the scope of the neurophysiological mapping procedures.
to examine the motor performance of the preferred improve chronic motor function. For example, Taub et al demonstrated that forced use of the impaired limb (impaired) hand, both before and after the infarct. Initially, retrieval of pellets from the smallest well was in human stroke patients for 14 days, by constraint of the unaffected limb, resulted in long-term improvedifficult to perform. Monkeys were gradually encouraged to retrieve pellets from the smallest well by a simment of motor function in the impaired limb. 7 Several lines of evidence from both human and animal models ple titration procedure. Eventually the monkeys were able to use their fingers in a skilled, stereotyped manusing neurophysiological, positron emission tomography (PET) and functional magnetic resonance imaging ner to efficiently retrieve pellets without error from the smallest well. Once criterion performance was attained (MRI) are beginning to shed light on the exact neural substrates underlying recovery of function. For (usually a few weeks), a pre-injury baseline motor map was derived. Then a small ischemic infarct was made example, PET imaging of human patients with tumors located in the hand area of the motor cortex has in a portion of the hand representation, as before.
Within 5 days, the monkeys began a retraining prorevealed that blood flow changes related to voluntary finger movements are shifted compared with the unafcedure on this same task using the same titration procedure used prior to the injury. Recovery of skilled fected motor cortex. 8 Other imaging studies in humans and animals have demonstrated that motor hand rephand use occurred gradually over a few weeks. Once hand skill was re-attained, neurophysiological techresentations are alterable by use in normal, intact individuals.
9 niques were used to derive a second, post-injury motor map. While the cortical tissue underlying the infarct Despite evidence that use of the impaired upper extremity has a positive effect on the neurophysiologwas necrotic, and thus unresponsive to microstimulation, stimulation of the adjacent, healthy tissue ical consequences after stroke, recent studies in rats paint a very different picture. Restricting the unimresulted in evoked movements at current levels comparable to those obtained prior to the infarct. In paired forelimb in rats with sensorimotor cortex lesions results in prevention of dendritic growth in the contrast to the monkeys that received no post-injury training, recovered monkeys showed a net expansion uninjured cortex, exaggeration of the neuronal injury, and more severe behavioral deficits. 10 Before attribuof the hand representations in the zone immediately surrounding the infarct (Figures 1, 2) . Finger representing these results to species differences, it should be noted that several other experimental factors differed tations invaded cortical territory formerly occupied by elbow and shoulder representations.
between this study in rats and our studies in monkeys (type of lesion, type and degree of restriction, specific These studies suggest that motor experience following injury to the motor cortex plays a major role in the behavioral paradigm, etc). However, these results point to the need for further studies to address a number of subsequent physiological reorganization that inevitably occurs in the adjacent, intact tissue. In the important issues central to the understanding of recovery of function. For example, when should physical absence of post-injury rehabilitation, the surrounding tissue undergoes a further functional loss in the areal rehabilitation begin? How intensive should the therapy be? Do compensatory strategies developed in the clinirepresentation of the affected body part. These studies also imply the converse: rehabilitation prevents further cal setting transfer easily to real-life situations? These animal models should stimulate novel hypotheses losses of hand representation, and may direct the adjacent tissue to 'take over' the damaged function.
regarding recovery of function after cortical injury and the role that post-injury experience may play in shapIn humans, forced use of the impaired limb may, under a restricted set of circumstances, significantly ing behavioral outcome.
Figure 2 Summary of changes in the representation of the hand after damage to primary motor cortex. In control animals, the neurophysiological procedures were conducted, but no lesions were made. 
